The long-range movements of membrane ligand-receptor complexes into surface caps and into the pseudopods of cells performing phagocyosis, the uropods of motile cells and the cleavage furrows of dividing cells appear to be analogous processes. A common mechanism to explain these movements must take into account several recent observations. First, laser photobleaching studies have indicated that Goncanavalin A-receptor movement occurs unidirectionally; and analyses of Con A redistribution by quantitative video intensification microscopy (Q uavim) have shown that move ment may exceed the maximum rates measured for protein diffusion in membranes. These are the results predicted for a process of directed migration but not for a process of diffusion with entrapment. In addition it has been found that membrane receptors may segregate out of as well as into cap, pseudopod, uropod and cleavage furrow regions and that topographical heterogeneity on asymmetric cells is not restricted to membrane molecular determinants but extends to a range of endocytic functions and to a macromolecular complex, the coated pit. All dynamic surface events are arrested during mitosis. A new model for the regulation of plasma membrane topography has been developed from these diverse quantitative, functional and morphological data. Its essence is the entrainment of selected membrane determinants on membrane waves directed towards regions such as caps, pseudopods, uropods and cleavage furrows. The waves are initiated by tension due to asymmetric microfilamentmembrane interaction.
. The data obtained so far indicate that the rates of protein diffusion in the two-dimensional plane of the membrane are slower in animal cell membranes than in free solution. Measured diffusion constants, D ,usually range from 5 x 10~9 to 10~n cm2 s"1 (or slower) for protei ligand-protein receptor complexes. It has also been found that diffusion is usually isotropic. In one system faster diffusion rates were measured along one cell axis than along another, JA N ET M. O LIV E R AND R. D. BERLIN 
-1). Lectin remains uniformly distributed on untreated cells (a). It accumulates in caps on microtubule-depleted (protuberant) cells ( b) , in the pseudopodia of cells performing phagocytosis (r), in the uropods of loco cells ( d) and in the cleavage furrow during cytokinesis (e). All cells are human polymorphonuclear leukocytes (p.m.ns) except for the mitotic, which is a Chinese hamster ovary cell.
indicating that an anisotropic process may occur in special cases (Smith et al. 1979) . Diffusion is never unidirectional, however, by definition.
Recent studies, summarized below, establish that the movement of Goncanavalin A -receptor complexes (and probably other ligand-receptor complexes) into the cleavage furrows of dividing cells, the caps of colchicine-treated (protuberant) cells and the uropods of locomoting cells occurs at rates at or beyond the probable limits of diffusion and is unidirectional. These results rule out the diffusion mechanism and point towards some form of m embrane flow.
O ther studies, also reviewed below, establish that the sites of Con A-receptor complex accumulation share common ultrastructural features, particularly the accumulation of submembranous microfilaments. Furthermore, a variety of additional determinants of mem brane structure (Fc and C3b receptors, coated pits) and function (fluid and adsorptive pinocytosis) are distributed in asymmetric patterns with respect to these regions. Indeed we have identified only one receptor, the GM1 ganglioside receptor for the B fragment of choleratoxin, whose distribution appears to remain random in the presence of ligand during cytokinesis, capping and related processes.
A new model to explain the predictable long-range movement of m embrane receptors and ligand-receptor complexes into cap and analogous membranes has been developed from these qualitative and quantitative data.
Q uantitative analysis of ligand-rec epto r m o v em en t: methods Two independent methods have been applied to the quantitative analysis of the redistri bution of bound Con A on cell surfaces. T he first method was developed by Koppel (1979) with modifications as described in detail by Koppel et al. (1982) . It involves the use of a series of high-resolution m ultipoint fluorescence scans to follow the distribution of surface label on selected cells as a function of time. These scans are generated by first focusing an attenuated F igure 2. Typical laser-fluorescence scans of FS-Con A distribution across the long axis of a mitotic J774 macro phage in early anaphase (•), and 7 min later in telophase (o). Geometrical 'edge effects' were minimized by focusing the laser beam to a narrow line on the sample perpendicular to the scan axis. The cell was incubated with FS-Con A at 100 pg m l-1 for 2 min at room temperature. Fluorescence redistribution was followed at 37 °C.
laser beam from an argon-ion laser (A = 488 nm) through the incident-light illum inator of the microscope either to a small spot on the cell or (with the use of a cylindrical lens) to a narrow line perpendicular to the scan axis and then moving the beam along a linear axis by a galvanometric scanning mirror. In cells undergoing cytokinesis, the selected axis usually runs per pendicular to the cleavage furrow through the poles. , t), the fluorescence intensity as a function of distance along the pole-to-pole axis at time t after initiation of redistribution, is detected by a thermoelectrically cooled photom ultiplier tube and quantified with photon counting electronics synchronized to the position of the scanning laser beam. The optical apparatus and electronics are described in detail elsewhere (Koppel 1979) . Figure 2 shows two typical laser line scans across a dividing cell labelled with fluorescein-conjugated succinyl Concanavalin A (FS-Gon A), the first taken at the onset of anaphase and the second 7 min later in late telophase, showing the redistribution of lectin into the cleavage furrow.
This instrumentation permits the direct measurement of diffusion rates of fluorescence-tagged membrane markers by the method of fluorescence recovery after photobleaching (Frap) . As illustrated below, intense bleaching pulses are generated by electronic switching to an alterna tive light path for the laser beam that avoids the attenuating pathw ay used for fluorescence monitoring. The attenuated beam is employed to record the increase in F(x, t) as fluorophore diffuses back into the bleached region. Translational diffusion coefficients are then estimated from the rate of fluorescence recovery (Koppel 1979) .
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Results obtained by this procedure have provided the first quantitative inform ation essential to distinguish flow from diffusional models of receptor redistribution. O n the other hand, the technique has several limitations. O ne is the requirem ent for cells to rem ain fixed in space (usually possible during cytokinesis bu t essentially incom patible with processes like capping or chemotaxis). O ther problems include the loss of geometrical inform ation about the cell of interest and the restriction of fluorescence intensity m easurem ent to preselected spots or lines. We have therefore developed a second system based on high-resolution video recording and subsequent com puter analysis of selected frames (quantitative video intensification microscopy, Q uavim). A schematic description of the Q uavim system is given in table 1. In brief, fluores cence-labelled cells are selected in an epifluorescence microscope by using a 100 W H g (or 2 W argon-ion laser) light source, and fluorescence images are obtained by using a three-stage image intensification cam era w ith vidicon tube and m anual gain. This cam era was selected for its superior resolution and decreased noise a t low light levels com pared w ith intensifies w ith silicon-intensified target tubes. T he image is routed via a time generator to a videotape recorder where raw (unprocessed) data are stored. For observation of the d ata during taping, recorder output is transferred via a Q uantex Digital Im age Processor to a high-resolution m onitor. T he signals from individual rasters are simultaneously displayed on an oscilloscope to check stability and absence of saturation. D uring taping, the image processor enables a variety of image manipulations (summation, averaging, image inversion, nonlinear display, etc.) th a t simply allows an improved view of the cell being investigated. However, its m ajor role is in image analysis. T he image processor is interfaced to a Logic M achine M inicom puter (LM 2), with 32 kbytes memory and magnetic tape storage. D uring tape playback selected, usually summed, frames are grabbed by the image processor and digitized by an 8 bit analogue-digital converter into its large (512 x 5 1 2 x 1 2 bit) memory. The LM 2 can be used to select segments of the stored, digitized image for quantitative analysis. For example, figure 3 shows Q uavim plots of fluores cence redistribution of Con A during cytokinesis. In this case three parallel lines were drawn through the central axis of the cell and the summed fluorescence intensities (minus background) at each of 240 locations along these lines were plotted as a function of time. The pattern of fluorescence loss at the poles and accumulation at the centre resembles the pattern obtained in the 26 point laser scan plot (figure 2). The accompanying Polaroid photographs taken from the c.r.t. screen show the exact location of these scans and the geometry of the entire cell. Q uavim data are corrected for the inherently nonlinear responses of the various video com ponents, most notably the camera and tape recorders, by generation of a 'correction curve* at the end of each video sequence. A Zeiss fluorescence standard is mounted at the end of the objective, focused onto the image intensifier and its fluorescence is recorded w ith all instrum ent settings unchanged. The standard is then recorded after insertion into the emission beam of a graded series of neutral-density filters ranging from 90 to 0.30 % transmission. A plot of expected against actual fluorescence is obtained from the summed fluorescence across a line through this progressively attenuated image (figure 4) and is used to linearize the experim ental data.
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Since the coordinates of lines or areas to be analysed can be changed a t will by selecting different parts of the stored image, the Q uavim system can be used w ith moving cells, and recordings of the same cell can be analysed by a variety of methods. The Q uavim system is, o f course, suitable for measurement of molecular diffusion rates by laser illumination and Frap analysis.
F S -C on A -r e c epto r redistribution into the cleavage fu r r o w Figure 5 shows a few frames from a typical video recording o f a FS-Con A-labelled J774.2 macrophage selected in m etaphase and observed a t 32 °C during the transition into anaphase and telophase. No asymmetry of fluorescence distribution is observed until the first appearance of the cleavage furrow, at which time there is simultaneous rapid redistribution o f bound FS-Con A into the furrow. T he redistribution here is complete in less th an 3 m in a t 32 °C.
The rate of surface movement of the lectin was quantified by photon counting during a repetitive series of laser-excited fluorescence scans across the central axis of a series of similar FS-Con A-labelled cells selected in early anaphase and followed through telophase. Each scan took 10 s and monitored 26 predeterm ined points along a line across the long axis o f the cell.
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The resulting data were analysed in terms of two simple alternative models of lateral movement. In the first, the 'flow m odel', it was assumed that the net accumulation at the region of the developing cleavage furrow results from a directional flow of constant velocity, v, over the surface from the poles of the cell (assumed to be a sphere of radius r) to the centre. Random diffusion was taken to have a negligible effect. At the other extreme, the 'diffusion m odel' assumed that molecular motion occurs only by random diffusion on the surface of the sphere with diffusion coefficient D. In this case, we proposed that surface complexes that diffuse to the bentre are immobilized and trapped.
The effective values of v and D were determined from measurements of the decrease with time of the mean-squared widths (or second moments, /f2(*)> about the mean along the scan axis) of the fluorescence distributions. This analysis has several advantages.
1.
The second moments about the mean can be calculated simply and objectively according to the equation
2. The second-moments calculation is particularly reliable since it weighs the extent of label depletion at the cell periphery, which is readily measured, and is relatively insensitive to the exact distribution of label at the furrow and to the changing cell geometry in this region.
3. Provided that a line scan is used to eliminate geometrical 'edge effects' that can distort the distribution of fluorescence intensity, then the second moment of the fluorescence distri bution maintains a constant relation to the actual concentration of label at a given distance along the pole-to-pole axis.
4. V and D can be directly calculated either from the slope i?max of the plot of / i\t) with time {Rm&x = -f v r \J ?max = 0.47Z) according to the flow and diffusion models re or from r^, the half time of fluorescence loss from the poles (tj = 0.30 r/v; -0.40 r2/Z) according to the two models). The derivation of these relations is given in detail in Koppel et al. (1982) . Figure 6 presents the complete time course of of three labelled cells followed through late anaphase and telophase. The cell radius was approximately 9 pm. The rates of receptor redistribution ( ± standard deviations) calculated from the average value of R m&x ( -6.5 x 10-2 pm2 s-1) according to the 'flow' and 'diffusion' models respectively are v = 0.7 + 0.2 pm min-1 or D = 1.4 + 0.5 x 10~9 cm2 s_1. The rates calculated from the average value of r j (approx. 140 s) are respectively v -1.2 + 0.3 pm min-1 and = 2.3 ± 0.9 x 10~9 cm2 s-1. In separate studies, the diffusion coefficients measured directly by Frap on metaphase cells had an average value of 10~10 cm2 s-1. Thus a diffusion mechanism is not well supported by this result.
The results of subsequent F rap measurements during the actual period of accumulation of Con A in the cleavage furrow definitely eliminated the diffusion mechanism. The fluorescence scan in figure 7 shows a relatively uniform distribution of FS-Con A on a cell selected at the onset of anaphase. A localized photobleaching pulse was used to decrease the concentration of intact fluorophore across one pole of this cell (the 'left side' in figures 7 and 8) to 50% of its initial level (figure 7 b).During the first few minutes after photobleaching, the usual rap transition to a marked central accumulation (figure 7 was observed. The symbols in figure 8 [ 75 ] show the measured intensities with time a t the centre (furrow) and left and right edges of the same cell. These data points are superimposed on curves predicted for fluorescence redistri bution by the diffusion (solid lines) or flow (broken lines) models. The flow model (broken lines) predicts no observable fluorescence recovery, i.e. back-diffusion at the bleached left edge. T he diffusion model (solid lines) predicts an initial redistribution back into the bleached area. No recovery of fluorescence was measured at the bleached edge, indicating a unidirectional flow process.
We have used Q uavim to reproduce the analysis of Con A redistribution into the cleavage furrow by the method of second moments. As shown in figure 9, an FS-Con A-labelled cell was video recorded during the transition from metaphase to anaphase. A series of summed frames were then selected for analysis as follows: fluorescence intensity readings were first taken from a series of seven equally spread parallel lines above and below a line through the furrow on each cell (see inset photographs). These readings were corrected for background fluorescence and nonlinearity and the second moments were then calculated according to (1) above. A rapid (tj « 120 s) loss of fluorescence occurs from the poles. This value for ti and hence for v and D (where r = 9 pm) is in close agreement with the results obtained by laser scan (above).
Q uantitative analysis of C on A -receptor movement into CAP AND UROPOD MEMBRANES As described above, ligand-receptor movement during capping and locomotion cannot readily be analysed by the laser scan technique owing to the simultaneous movement of both the whole cell and the ligand-receptor complexes that is incompatible with sequential record-
on November 28, 2017 http://rstb.royalsocietypublishing.org/ Downloaded from ings from the same points. We have thus depended on results obtained by Q ua vim to reveal the nature of the redistribution process during these two dynam ic processes.
In the video sequence shown in figure 10, FS-Con A was bound more or less uniformly to the surface of a protuberant m acrophage after brief (30 s) labelling a t 20 °C. U pon warm ing to 37 °C, the distribution of fluorescence rem ained relatively unchanged for a further half t/s confirm that almost all of the FS-Con A is capped to the protuberance in a period of less than 20 s. The corresponding effective diffusion coefficient for this capping process on a cell 20 pm in diameter approaches 10-8 cm2 s-*. In this example, the estimated rate of ligand-receptor redistribution approaches diffusion rates measured for lipids and exceeds by 1 or 2 orders of magnitude the usual diffusion rates for proteins in biological membranes (Cherry 1 9 7 9 ). F r a p analysis is thus not required here to distinguish diffusion from flow.
JA N E T M. O LIV E R AND R. D. BERLIN A similar conclusion was drawn from studies of locomoting p.m.ns. In the video sequence shown in figure 12 , fluorescein-conjugated Con A (F-Con A) was bound more or less uniformly to the surface of an f-Met-Leu-Phe treated hum an p.m.n. during 30 s of labelling at 10 °C. The temperature of the microscope stage was increased to 25 °C at 45 s on this recording. W arming was followed by an immediate contraction of the uropod and subsequent extension of the lamellipodium. F-Con A was displaced first from the lamellipodium and subsequently from the central section of the cell. Essentially all the F-Con A was in the uropod region by 100 s.
The grid of 15 parallel lines, 1.5 pm apart, drawn over these frames (figure 12) enabled the estimation of both the velocity of this F-Con A movement (backward) and cell movement (forward). First, since the grid is fixed in space, it may be calculated th at the cell is displaced forward by approximately 6 pm in 45 s, or around 8 pm m i i r t M ore im portantly, each fine consists of approximately 80 locations across the cell, each with a characteristic fluorescence [ 80 ] intensity above background. Figure 13 a shows the summed fluorescence intensities with time across equivalent lines running through the lamellipodial tip (0 pm) and through the midpoint of the uropod (15 pm). F-Con A is almost completely displaced from the lamellipodium be tween 70 and 80 s. It accumulates continuously at the uropod between 70 and 100 s. 
a). The regions of increased intensity most likely indicate regions of increased membrane accumulation. A remarkably uniform distribution of F-CTB fluorescence is seen at early anaphase before formation of the cleavage furrow ( b) . This essentially uniform labelling p only a hint of increased fluorescence intensity at the cleavage furrow (c).
from the lamellipodial tip. The loss of F-Con A -receptor complexes from the 1.5 pm line occurs at a maximum rate between 70 and 80 s. The loss of complexes from the 4.5 pm line occurs in parallel but is displaced in time by around 7 s. A similar displacement (not shown) was measured for the loss of F-Gon A from the 7.5 pm line compared with the 4.5 pm line. Based on this displacement of approximately 7 s over a 3 pm distance, we calculate that F-Gon A moved off the lamellipodium at about 26 pm m in-1. As in the capping experiment, an effective diffusion coefficient approaching 10-8 cm2 s-1 would be required. Thus a mechanism of ligand-receptor redistribution based on diffusion seems unlikely. Similarly the hypothesis that ligand or particles may be simply left behind at the uropod as the cell moves forward (Schreiner & Unanue 1976; Wilkinson et al. 1980 ) is not well supported: the rate of movement of Con Areceptor complexes off the lamellipodium is at least three times faster than the rate of net forward cell locomotion. These data are thus most consistent with Con A-receptor redistri bution by a process of directed migration.
T he topography of other membrane components and MEMBRANE FUNCTIONS So far, we have described in detail the ligand-induced redistribution of Con A receptors into cleavage furrow, cap, uropod and pseudopod membrane. We have shown that Con A receptors have an inherently uniform (or essentially so) distribution on cell surfaces. Their redistribution can be driven by both F-Con A and FS-Con A, indicating that extensive receptor cross-linking [ 81 ] by m ultivalent ligand is not essential to the redistribution process (of course it does not elim inate as essential a smaller degree of diffusion-dependent crosslinking). In contrast with Con A receptors, fluorescein-conjugated choleratoxin B (F-CTB) m aintains an apparently random distribution regardless of w hether labelling is carried ou t a t 4 C or after fixation (to probe 'in h e re n t' receptor topography) or at 37 °C (K oppel 1982) This uniform binding of F-CTB presum ably to GM1 ganglioside receptors on dividing cells is illustrated in figure 14 . A similar uniform distribution of F-CTB is m aintained on pro tu b eran t cells. We conclude th at at least one m em brane com ponent can rem ain symmetrically dis tributed on asymmetric cells. Since the B-fragment is probably present as a pentam er, this distribution is m aintained despite the probable occurrence o f a t least lim ited cross-linking of the ganglioside receptor.
In addition, some m em brane components appear to be distributed away from cap and analogous regions. For example, the inherent distributions o f Fc and C 3b receptors have been inferred from the binding of suitably opsonized particles or Ig aggregates a t 4 °C or during incubation of less than 30 s a t 37 °C. These receptors accum ulate a t the nuclear (non-protuberant) pole of colchicine-treated macrophages (figure 15 a, plate 1) (W alter et 1980) and in the lamellipodial region of locomoting p.m .ns (Wilkinson et al. 1980; W alter et al. 1980) . They can be redistributed to cap or uropod m em brane by further 5 m in incubation a t 37 °C after the initial binding of opsonized particles (e.g. figure 15b ). T ran sp o rt carriers also ap p ear to be excluded from m em brane th a t accumulates ligand-receptor complexes. T san & Berlin (1971) reported th at the activities of the m em brane transport systems for adenine and lysine are completely unaltered after removal of up to 40 % of the rab b it p.m .n. or alveolar m acro phage surface by phagocytosis of latex. T he most likely explanation was the segregation of transport carriers out of m em brane th a t engulfs phagocytic particles and is internalized.
Rem arkably, we have discovered th at the developm ent of m em brane topographical asym m etry is not restricted to m em brane receptors. A m em brane m acrom olecular complex, the coated pit, is restricted to the same region th a t accum ulates Con A-receptor complexes. This was first established by careful m apping of the distribution of coated pits in colchicine-treated protuberant macrophages : as shown in figure 16 , plate 1, coated pits are exclusively localized to the protuberance. Subsequently, Davis et al. (1982) docum ented their restriction to the uropod of locomoting p.m .ns (figure 17, plate 2). In addition, Aggeler & Heuser (1981) have established th a t the pseudopod m em brane of phagocytizing m acrophages is also enclosed by coated m em brane. In contrast, pits are essentially distributed a t random on symmetrical cells (actually as random clusters in the case of resting J774.2 macrophages) . Accompanying this strict segregation of coated pits, the uptake by fluid pinocytosis o f fluorescein-dextran as well as the uptake by adsorptive pinocytosis o f F-Gon A is confined to the protuberance of colchicine-treated macrophages (figure 18, plate 2) (W alter et al. 1980) and the uropod of locomoting p.m .ns (Davis et al. 1982) . All endocytic processes are completely arrested in mitosis from the onset of prophase to telophase Berlin & O liver 1980) . T he recovery of pinocytic activity a t the onset of G j is first observed in the region o f the cleavage furrow. functions. M ost im portantly, the analogy betw een cap, pseudopod, uropod and cleavage furrow m em branes holds for every receptor or function tested so far.
T able 2. P atterns of membrane asymmetry on po la r ized cells (This table lists Consistent w ith the various forms of this fam iliar hypothesis, our com parative studies by electron microscopy and specific anti-actin immunofluorescence have consistently emphasized the exclusion of cytoplasmic organelles and the concentration of cortical microfilaments under lying cap, pseudopod, cleavage furrow and uropod m em branes (Albertini et al. 1976; Berlin & O liver 1978; O liver et al. 1976 , 1977 O liver & Berlin 1979 O liver & Berlin , 1982 K oppel et al. 1982; Davis et al. 1982) . This hypothesis is also consistent w ith recent evidence for ligand-induced linkage of both receptors and actin to detergent-extracted ' cy toskeletons ' of various cell types (see, for example, Sheterline & H opkins 1981) .
However, we have emphasized th a t the concentration of microfilaments m ay be present before the accum ulation of ligand-receptor complexes (see figures 10 and 12, where Con Areceptor complexes m igrate onto an existing protuberance and uropod respectively). T hus the m icrofilam ent aggregation is not the result of movement, nor does receptor accum ulation necessarily occur pari passu. W e have also emphasized th a t not all regions of microfilament concentration are regions of ligand-receptor accum ulation: for example, the anterior lamellipodia o f moving neutrophils are supported by a dense meshwork of microfilaments (see, for example, Davis et al. 1982 ) b u t ligand-receptor complexes redistribute to the posterior or uropod region (figure 12). Furtherm ore, other investigators have reported the ability of an ti bodies to simulate capping of a range of endogenous and introduced surface determ inants th a t [ 83 ] specifically should not interact w ith subm em branous microfilaments. These include Forssman antigen, a m em brane glycolipid (Stern & Bretscher 1979 ) > V-2,4,6-trinitrophenyl-1 -acyl-2-(W-4-nitrobenzo-2-oxa-1,3-diazole) am inocaproyl phosphatidylethanolam ine, a fluorescent phospholipid analogue (Schroit & Pagano 1981) ; and stearoyldextran, an im perm eable fatty acid analogue (W olf e t a l . 1980). Finally, recent studies by K oppel and colleague 1980; K oppel et al. 1981) in spherocytic mouse erythrocytes th a t lack the principal com pon the erythrocyte cytoskeletal m atrix (norm ally consisting of spectrin, actin and bands 4.1 and 4.9) have established th a t the diffusion coefficient of the m ajor m em brane proteins in the m utant red cells (2.5 ± 0.6 x 10-9 cm 2 s-1) is two orders of m agnitude greater th an th a t m easured in norm al cells (4.5 ± 0.8 x lO-11 cm 2 s_1). This raises the possibility th a t m icrofilam entm em brane interaction m ay actually i m p a i r, not prom ote, the m obi ponents.
O f course, most cells probably have an excess o f actin. H ence even if most filaments are organized away from a particular receptor, the possibility rem ains th a t it can still link to an available filament after ligand binding and thus be swept to the region o f larger accum ulation. As pointed out by O liver & Berlin (1982) there is a persistent thin netw ork o f subm em branous microfilaments away from the regions of m icrofilam ent enrichm ent. H ow ever, Loor (1976) has emphasized th a t the dimension of the microfilaments (5-7 nm) precludes th eir packing a t the surface density of m any receptors; F urther, even if filam ent-receptor complexes are mobile, it follows th at the new filam ent-receptor complex m ust be swept through a m a t o f u n attach ed microfilaments. No evidence for lability o f this m agnitude in actin gels is available.
Based on these diverse argum ents, we conclude th a t ligand-induced interactions o f receptors w ith microfilaments m ay occur after receptor redistribution and m ay indeed be essential for the endocytosis of ligand-receptor complexes. T he redistribution process itself m ay no t be im m edi ately dependent on the interactions of receptors w ith microfilaments. W e have thus considered alternative models in which certain accum ulations o f actin filam ents could cause directional m ovement a t a distance.
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M echanisms c o n tr o llin g r e c e p t o r t o p o g r a p h y : models based ON DIRECTIONAL FLOW OF MEMBRANE LIPID OR WHOLE MEMBRANE Bretscher (1976) and H arris (1976) have both postulated flow models th a t could accom m o date unidirectional receptor m igration independent o f direct m icrofilam ent-receptor in ter action. In these models m em brane lipid (Bretscher) or whole m em brane (H arris) is postulated to flow continuously from the front of the cell to the rear where it is rem oved by dissolution o r endocytosis and recycled to the front. A ccording to Bretscher's model, lig an d -recep to r com plexes are swept along w ith the lipids, whereas unoccupied receptors escape by back-diffusion. H arris's model involves m ovem ent of all m em brane com ponents. In both models, a m olecular filter excludes ligand-receptor complexes from internalization and recycling. T h e n et result is cap form ation a t the site of filtration.
This model relieves cytoplasmic microfilaments o f an obligatory direct role in topographical control. However, neither the force for this directed flow o f m em brane nor the n atu re o f the filter is^ defined, the postulated exclusion o f ligand-receptor complexes from the cytoplasm ic milieu is inconsistent w ith the observation th a t complexes are in fact rapidly internalized from regions o f cap form ation; and we see no evidence for insertion o f vesicles into the m em brane [ 84 ] opposite regions of ligand-receptor accum ulation (the insertion of dissolved or micellar mem brane components is still possible). O ur evidence th at ligand-receptor complexes m igrate to the cleavage furrow of anaphase cells, although endocytosis is arrested until G x, seems incon sistent with a m embrane flow model linked to continuous m em brane internalization and recycling. Similarly, the interm ittent course of lectin-receptor redistribution, apparent in the capping sequence (figure 4) would not be predicted by these models. Finally, F r a p analyses have shown that the diffusion coefficient of proteins in biological membranes is consistently low, and that a substantial portion of most m em brane proteins is effectively immobile, i.e. cannot diffuse into a bleached region. In contrast, F r a p measurements confirm th at lipid diffuses extremely rapidly (Cherry 1979) . These widely accepted results present problems for both flow models. H arris's model would predict the fairly rapid anisotropic recovery of fluorescence due to m igration of unbleached proteins into and past a bleached region. Imm obile m em brane components are not predicted. Bretscher's model proposes the flow of lipid past back-diffusing proteins. However, even if lipid were added continuously to the m em brane and removed at the opposite pole, causing a flow of membrane, one would still expect to favour the random ization of lipid and the movement of protein, not vice versa. M echanisms controlling recepto r t o p o g r a p h y : surfboarding have proposed an alternative model in which wave motion provides the force for the selective movement of surface constituents by a process resembling surf boarding. The model is drawn from the experimental data developed above and from the theoretical work of Hewitt (1979) .
The model postulates the generation of waves moving across the surface of polarized cells. It is proposed that the formation of a uropod, pseudopod or analogous structure by local recruitm ent of microfilaments to the membrane generates tension directed inward and along the membrane. This asymmetric application of tension in turn initiates membrane movements perpendicular to the surface with the peak and crest displaced laterally with time, i.e. mechanical waves ( figure 19 ). The precise point of origin and the orientation of these waves is determined by the [ 85 ] relation of the regions of tension to cell geometry. T h e narrow b an d o f m icrofilam ents th a t underlies the entire cell periphery m ay play a role in the transmission of this tension. For transverse waves, m atter moves or oscillates a t rig h t angles to the direction o f wave motion. T hus once oriented wave m otion is initiated, most m em brane com ponents behave essentially as corks on w ater: as the wave passes they oscillate betw een w ave trough and wave crest, undergoing changes in now requires energy. T ran sp o rt is favoured if the energy for displacem ent is g reater th a n th a t required to transport the constituent along the wave a t an equivalent p o in t o f the w ave surface. This is essentially how surfboards operate. T h e shape o f the surfboard interacts favourably along the wave crest. As the crest is displaced the board will tend to m ove along w ith it. (W ith surfboards, gravity o f course eventually provides an even g reater energy trough.) C onstituents entrained in waves m ay be 'b each ed ' by the term ination o f the w ave a t the p ro tu b eran ce, uropod, pseudopod, cleavage furrow or equivalent region (and m ay subsequently be in te rn alized by endocytosis, w hich we have shown is largely restricted to these regions). A ccording to H ew itt, entrainm ent on these waves will depend in large p a rt on the relation of the ligand-receptor complex to wave geom etry. H ow ever, for a com ponent localized w ithin a m em brane, various additional factors m ay m odulate en train m en t by increasing the energy required for translocation. In particular, en train m en t m ay be im paired by d rag due to the viscosity o f the lipid bilayer, to interactions w ith other m em brane com ponents an d to in te r action o f cytoskeletal elements w ith the m em brane bilayer. I t m ay, on the o th er h an d , be prom oted by the local reorganization o f m em brane lipids (or protein, or both) along the wave m em brane. For example, Lentz et al. (1976) have reported lipid phase separations associated w ith changes in the radius ol m em brane c u rv a tu re : positive interaction o f a p artic u la r receptor [ 86 ] or ligand-receptor complex with such a locally reconstructed membrane could promote entrainment. O ur model seems to accommodate a variety of observations that do not readily fit other models. It provides a mechanism for local membrane-microfilament interactions to influence the distribution of receptors located at a distance. It predicts the rapid, unidirectional re distribution of ligand-receptor complexes as reported here for Con A -receptor complexes: once a membrane determ inant is entrained by a wave, its motion is no longer determined by its intrinsic diffusion rate but is primarily a function of the speed and orientation of the wave. It also predicts that in general, because of geometrical and other considerations discussed below, larger membrane determinants will move with the waves whereas the distribution of many smaller components may be unaffected. Consistent with this, coated pits, which constitute macromolecular aggregates, accumulate at protuberance and uropod membranes. The model can explain the delay followed by abrupt redistribution of ligand-receptor complexes observed in the capping sequence (figure 10) and the existence of a lag between successive clearings of surface complexes. It readily accommodates the capping of probes that insert only p art way through the membrane bilayer and so cannot interact directly with cytoskeletal structures.
The hypothesis can be applied to explain the short-range membrane asymmetries of relatively unperturbed cells. For example an interphase macrophage incubated in suspension maintains a more or less rounded shape (W alter et al. 1980 ) organizes its coated small clusters ; performs pinocytosis over the whole surface (figu redistributes bound ligands such as Con A into randomly distributed patches that are sub sequently ingested . We think it likely that the processes of microfilament recruitment and wave generation occur interm ittently in local regions over the whole membrane of such relatively symmetrical cells, producing multiple randomly oriented waves over the cell surface. These waves would lead to surface patching of ligand-receptor complexes and to the clustering of coated pits. However, interference between interacting waves would prevent their support of long-range movements.
During mitosis, no patching or capping of ligand-receptor complexes occurs and endocytosis is completely arrested Berlin & Oliver 1981) . We suppose that these proper ties reflect the relative loss of even short-range wave motion in mitotic cells.
Inferential evidence for the existence of wave-like movement on the cell surface is abundant. Ramsey (1972) , Senda et al. (1975 Senda et al. ( , 1979 , Englander (1980) and Keller & Cottier (1981) have all described the continuous posterior movement of membrane folds and plications from the anterior tip of the lamellipodium towards the constricting ring on migrating neutrophils and on neutrophils oriented in suspension by incubation with chemotactic factors. The constricting ring in turn flows backward in a wave-like motion as the cell advances. Estimates of the time required for complete passage of this 'contraction wave' from lamellipodium to uropod vary from 1-3 min (Senda et al. 1979) to less than 1 min (Keller & Cottier 1981) . Trinkaus (1980) has described similar protrusive activity at the lamellipodium of a variety of tissue cells with constant generation and backflow of extensively plicated njembrane. This protrusive activity and wave-like propagated movement backwards of plicated membrane is increased after colchicine treatment. According to Chen (1979) , protrusive activity may occur intermittently. Further, it can be abruptly increased by retraction of membrane at another region (usually the opposite pole) of the cell. This compensatory withdrawal of membrane at one site to allow protrusive activity elsewhere may enable cells to maintain directional movement without con- [ 87 ] 
